A kinetic and mechanistic investigation, using conventional UV-Vis spectrophotometry, of the reaction between dimethyl acetylenedicarboxylate (DMAD) and 1,3-dicarbonyl compounds including acetylacetone (ACAC) and dibenzoylmethane (DBM), has been conducted in a methanol environment with triphenylarsine (TPA) acting as a catalyst. Previously, in a similar reaction, triphenylphosphine (TPP) (instead of TPA) had been employed as a reactant (not a catalyst) for the generation of an ylide (final product). In the present work, of significance is the differential behaviour of TPA which, as a catalyst in the reaction environment, leads to a cyclopropane compound. Of other significance is the different behaviours of the two reactants in the kinetics and mechanism of the reaction. In previous work, TPP acted as a weak nucleophile (a reactant), so the first step of the reaction was recognised as the ratedetermining step (RDS). Here, TPA reacts as a stronger nucleophile and a catalyst, resulting in the fourth step of the reaction (step 4 , k 4 , a proton transfer process) being recognised as the RDS. The reaction followed second-order kinetics. The proposed mechanism was adapted in accord with the experimental results and the steady-state assumption. The results showed that the reaction rate decreases in the presence of DBM, which participates in the second step (step 2 ), compared to ACAC when it is present as another 1,3-dicarbonyl compound (structural effect). In addition, in previous work, the partial order of the reaction with respect to the 1,3-dicarbonyl compound was zero, while it is one in the present work. As a significant result, not only did a change in the structure of one of the reactants (TPA instead of TPP) create a different product, but also the kinetics and reaction mechanism changed. In addition, the reaction is enthalpy-controlled.
INTRODUCTION
The UV-Vis method is widely used in kinetics and mechanistic studies due to its ease of use, low-cost, use of diluted solution, greater compatibility with the majority of solvents and its ability to extend the interval of measurements from minutes to several hours or under certain circumstances to days. Often, it is sufficient to record continuously the absorbance of a reaction mixture in a thermostated cuvette at a fixed wavelength. The required instrumentation is www.prkm.co.uk readily accessible and numerous kinetic investigations of organic reactions have been reported using the UV-Vis technique [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . The first catalytic reaction of arsonium ylides in 1989 reported that this property was vital in the synthesis of cyclopropanes with high diasteroselectivity [16] [17] [18] [19] [20] . The synthesis of cyclopropane compounds resulting from the reaction between dimethyl acetylenedicarboxylate (DMAD) and 1,3-dicarbonyl compounds such as acetylacetone (ACAC) or dibenzoylmethane (DBM) in the presence of triphenylarsine (TPA) is illustrated in Figure 1 (A) [21] . Similar reactions in the presence of triphenylphosphine (TPP) exhibit different products [ Figure 1 (B)] [22] [23] [24] [25] [26] . The difference between TPP and TPA lies in their nucleophilic properties. Arsonium ylides are more nucleophilic and have greater instability than phosphonium ylides [27] . Hence they can be converted into other compounds like cyclopropanes [ Figure 1(A) ]. Arsonium ylides can be represented in two forms (A and B), shown in Figure 2 . Arsonium ylides react better than phosphonium ylides in some reactions [27, 28] due to the p orbital of carbon overlapping less with the d orbital of the arsenic atom, compared to the phosphorus atom. Thus, arsonium ylides react frequently in the form of ylide B (Figure 2 ) faster than phosphonium ylides. Although the kinetics and mechanistic investigations of some reactions with TPP have been reported previously [6] [7] [8] [29] [30] [31] [32] [33] , no attempts for similar reactions with TPA have been reported. www.prkm.co.uk
In this article we report the kinetics of formation of a cyclopropane compound resulting from the reaction between DMAD and TPA with 1,3-dicarbonyl compounds such as ACAC or DBM. These reactions have been reported previously [21] .
EXPERIMENTAL

Chemicals and equipment
All acquired chemicals were used without further purification. DMAD, TPA, ACAC and DBM were supplied by Merck (Darmstadt, Germany), Acros (Geel, Belgium) and Fluka (Buchs, Switzerland). Extra-pure methanol and ethanol were also obtained from Merck. A Cary UVVis spectrophotometer (model Bio-300) with a 10 mm light-path quartz spectrophotometer cell equipped with a thermostated housing cell was used to record the absorption spectra in order to monitor the reaction kinetics.
General procedure
For the kinetic study of the reaction with a UV-Vis spectrophotometer it was first necessary to find the appropriate wavelength at which to monitor the absorbance change with time. For the first experiment, the initial concentrations of DMAD, ACAC and TPA in methanol were 1 × 10 -2 , 1 × 10 -2 and 5 × 10 -3 M respectively. To achieve this, solutions containing DMAD (1 × 10 -2 M), ACAC (1 × 10 -2 M) and TPA (5 × 10 --3 M) were prepared in methanol. The UV-Vis spectrum of each solution was recorded at 18 °C over a wavelength range of 200-600 nm. In the second experiment, the reaction was started in a 10 mm quartz spectrophotometer cell using a mixture of solutions of DMAD, ACAC and TPA, giving the appropriate concentration of each compound in the overall reaction. The absorbance changes of the mixed solution versus wavelength were recorded until the reaction was finished ( Figure 3 ). All kinetic measurements were performed by monitoring the absorbance increase at 450 nm because at this wavelength the reactants (DMAD, TPA and ACAC) have no tangible absorbance values. To establish a linear relationship between absorbance and concentration, the UV-Vis spectrum of the product 3 was measured over the concentration range 1 × 10 -2 to 1 × 10 -3 M. In the third experiment, under the same concentrations as that of the previous experiment, we measured the absorbance of the product versus time at 18 °C and a wavelength of 450 nm (Figures 1 and 7) . The time increment was set to 300 seconds. The upward arrow indicates the direction of the progress of the reaction.
www.prkm.co.uk ( Figure 4 ). The second-order rate constant was calculated automatically (k obs = 9 × 10 -2 M -1 s -1 ) using the standard equations [34] within the Cary WinUV software package at 18 °C. In this case, the overall order of the rate law can be written as: a + c = 2 and the general reaction rate is described by the kinetic equation
[TPA] is the concentration of catalyst which remains constant. Therefore, the rate law can be written (k obs is the observed rate constant and k ovr is the overall rate constant)
where
RESULTS AND DISCUSSION
In order to determine the partial order with respect to ACAC, kinetic measurements were performed under pseudo first-order conditions with an excess of DMAD by plotting the UV-Vis absorbance versus time at a wavelength of 450 nm for the reaction between DMAD (1 × 10 -2 M), TPA (5 × 10 -3 M) and ACAC (5 × 10 -3 M) at 18 °C in methanol.
where www.prkm.co.uk
[DMAD] is in excess and can be considered as a constant and [TPA] is the concentration of catalyst and can be considered as a constant. Therefore, the rate law is Eqn (5); in this case the original experimental absorbance versus time data provide a pseudo first-order fit curve at 450 nm, which exactly fits the experimental curve (the dotted line in Figure 5 ). It is obvious that the reaction is of the first-order type with respect to ACAC, c = 1. From the second experiment the sum of a and c was obtained as a + c = 2. From the later experiment, c = 1 So, the order of reaction with respect to DMAD is one (a = 1), therefore the rate law can be expressed as
Structural effects
This section focuses on the effects of the different structures of 1,3-dicarbonyl compounds on the reaction rate of the formation of a cyclopropane compound. The kinetic experiment was carried out under the same conditions as the previous experiment. The rate of reaction slows down with DBM (6 × 10 -2 M -1 s -1 ) compared to ACAC (9 × 10 -2 M -1 s -1 ) at 291.15 K in methanol. This indicates that 1,3-dicarbonyl compounds participate in the second step (step 2 ) due to their different reaction rates. The reaction was performed at different temperatures and the rate constants (k obs ) are shown in Table 1 .
Effect of temperature
The influence of temperature on the reaction rate with ACAC or DBM was studied in the range 291.15 to 306.15 K with 5 K intervals for each reaction. The second-order rate constants (k obs ) are reported Table 1 . Plotting a graph of ln k/T versus the reciprocal temperature 1/T and also T ln k/T against T yields straight lines, from which the values for ∆H ‡ (activation enthalpy) and ∆S ‡ (activation entropy) can be determined using the slopes and intercepts (see Figure 6 and Table 2 ). The Gibbs activation energy has been evaluated from Eqn (11)
As can be seen from Table 2 , ∆H ‡ (99.76 kJ mol -1 ) is more significant than T∆S ‡ (22.68 J mol -1 ). This indicates that the reaction is enthalpy-controlled. The activation entropy is positive for the reaction with ACAC and negative for the reaction with DBM. Here, the activated complex in the transition state in relation to DBM (reactant) is more highly ordered than the other reactant (ACAC) which indicates an associative mechanism for the reaction between DMAD, TPA and DBM. In both cases (ACAC and DBM) the reactions are enthalpy-controlled (the ∆H ‡ term is much greater than the T∆S ‡ term). www.prkm.co.uk
Effects of solvents
The two parameters, dielectric constant and polarity of solvent, influence the relative stabilisation of the reactants and the corresponding transition state which in turn affects the rate of the reaction [37, 38] . To examine the effect of solvent on the rates of the reaction, the same kinetic procedure was followed in the presence of ethanol at 291.15 K. The reaction rate in relation to ACAC and DBM increases in methanol (k obs, ACAC = 9 × 10 -2 M -1 s -1 , k obs, DBM = 6 × 10 -2 M -1 s -1 ) compared to ethanol (k obs,ACAC = 6 × 10 -2 M -1 s -1 , k obs,DBM = 3 × 10 -2 M -1 s -1 ) when the dielectric constant decreases from 32.7 to 24.5 respectively.
Mechanism
On the basis of the experimental results and reports in the literature [21] , a speculative mechanism is presented in Figure 7 .
To investigate which step of the reaction mechanism is the rate-determining step (RDS), further experiments were performed as follows: A series of experiments, concerning reactions between DMAD and TPA [reaction (1) [39, 40] . Reaction (1) has been reported previously [41] .
As can be seen, most of the changes in absorbance for the two-component reaction between DMAD and TPA [reaction (1)] occur in a wavelength range of 290-350 nm [ Figure 8 (A)]. At wavelengths higher than 400 nm, reaction (1) has no (or very low) absorbance value. On the contrary, the three-component reaction between DMAD, TPA and ACAC (or DBM) ( Figure  3 ), has remarkable changes in absorbance at wavelengths higher than 400 nm, which does not interface with reaction (1) in the aforementioned range. This indicates that in the presence of the third reactant (ACAC or DBM), the two-component reaction is stopped or slowed down. This provided the opportunity to fully investigate the kinetics of the reaction as discussed in previous sections. www.prkm.co.uk Figure 7 Speculative mechanism for the reaction between DMAD and ACAC in the presence of catalyst TPA for the generation of cyclopropane compound 3 in methanol.
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As a result, the starting reaction (step 1 ) between reactants DMAD and TPA is the more rapidly occurring reaction, amongst the above competing reactions in the speculative mechanism (see step 1 , Figure 7 ). This step (k 1 ) containing DMAD and TPA with rate constant k 1 = 3.3 × 10 -1 M -1 s -1 is faster than the overall reaction (k obs = 9 × 10 -2 M -1 s -1 ) between DMAD, TPA and ACAC. Hence, step 1 could not be the RDS.
Step 3 (k 3 ) is an intermolecular reaction between two ionic species (I 2 and the ACAC -moiety) which is inherently fast in a liquid phase (methanol) [42] [43] [44] . In addition, step 5 (k 5 ) is an intramolecular reaction between the two parts of a dipole component (I 4 ) which is a rapid reaction. It seems that the two steps (k 2 or k 4 ) have a good chance to be considered as the RDS. In order to check these possibilities, the rate law is written using the final step of the proposed mechanism in Figure 7 for the generation of product 3.
By applying the steady-state assumption for obtaining the concentration of intermediates (I 4 , I 3 , I 2 and I 1 ) the calculated overall rate law equation is.
DMAD TPA ACAC ACAC
Equation (13) 
Since compound TPA is a catalyst, its concentration is constant so the rate law can be written www.prkm.co.uk where (16) Equation (15) is compatible with the second-order experimental rate law [Eqn (7)] which means that the two steps, step 2 and step 4 (k 2 and k 4 ), can be considered as the RDSs. As a result, step 4 is more likely to be the RDS. Here, the proton-transfer (step 4 ) is undertaken by the second acidic H of ACAC or DBM with an intramolecular process which is more difficult and slower than the proton-transfer of the first acidic H of ACAC or DBM (step 2 ) with an intermolecular process. Another possibility is to consider step 1 (k 1 ) as the RDS. In this case, it is reasonable to assume that k -1 << k 2 [ACAC] and k -3 << k 4 . Under these conditions, the rate law can be written as
Compound TPA is a catalyst and its concentration is constant, so the rate law can be written
Equation (19), is a rate law for the first-order kinetic reaction which is not in agreement with the experimental results [Eqn (7)]. The acceptable rate law [Eqn (15) ] depends on the concentration of 1,3-dicarbonyl compounds (ACAC or DBM). It can be seen that the different structures of the 1,3-dicarbonyl compounds (DBM or ACAC) with their different geometries have a great effect on the reaction rate (structural effects).
CONCLUSIONS
1. The kinetics for the formation of the cyclopropane compound, in the reaction between DMAD and 1,3-dicarbonyl compounds (ACAC or DBM) in a methanol environment with TPA acting as a catalyst, were examined using the UV-Vis spectrophotometric technique. The results demonstrated that the overall order of the reaction is two and the partial order with regard to each reactant (DMAD or 1,3-dicarbonyl compounds) is one. 2. Previously, in a similar reaction, with TPP (instead of TPA in the current work), the generated product was a ylide, while in this work it is a cyclopropane compound. 3. The different behaviours of TPP and TPA provide different mechanisms and kinetics for both the previous and present work. 4. In the previous work, the reaction followed second-order kinetics and step 1 of the reaction was recognised as the RDS. The rate law depended on the concentration of DMAD and TPP and was independent of the concentration of the 1,3-dicarbonyl compounds, while in the present work, step 4 of the reaction is recognised as the RDS and the rate law depends on the concentrations of both DMAD and the 1,3-dicarbonyl compounds. Here, TPA has a catalytic role in the reaction medium.
www.prkm.co.uk 5. In the present work, the structural effect of the 1,3-dicarbonyl compounds on the reaction rate was investigated in the presence of DBM as another 1,3-dicarbonyl compound that participates in the second step (step 2 ), compared to ACAC. Since DBM reduces the reaction rate, this is a good demonstration for the rate constant [k 2 , in Eqn (16)] of step 2 (k 2 ) that participates in the overall rate constant. 6. The reaction rate is accelerated by increasing the temperature and the dielectric constant of the solvent. 7. The large negative value of ΔS ‡ in the case of DBM indicates the activated complex has a more ordered or more rigid structure in the transition state, which exhibits an associative mechanism. 8. In both reactions, the ΔH ‡ term is much more significant than the TΔS ‡ term, so both the reactions are enthalpy-controlled.
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